Parkinson's disease (PD) is a chronic and progressive neurodegenerative disorder. While most PD cases are idiopathic, the known genetic causes of PD are useful to understand common disease mechanisms. Recent data suggests that autophagy is regulated by protein acetylation mediated by histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities. The changes in histone acetylation reported to be involved in PD pathogenesis have prompted this investigation of protein acetylation and HAT and HDAC activities in both idiopathic PD and G2019S leucine-rich repeat kinase 2 (LRRK2) cell cultures. Fibroblasts from PD patients (with or without the G2019S LRRK2 mutation) and control subjects were used to assess the different phenotypes between idiopathic and genetic PD. G2019S LRRK2 mutation displays increased mitophagy due to the activation of class III HDACs whereas idiopathic PD exhibits downregulation of clearance of defective mitochondria. This reduction of mitophagy is accompanied by more reactive oxygen species (ROS). In parallel, the acetylation protein levels of idiopathic and genetic individuals are different due to an upregulation in class I and II HDACs. Despite this upregulation, the total HDAC activity is decreased in idiopathic PD and the total HAT activity does not significantly vary. Mitophagy upregulation is beneficial for reducing the ROSinduced harm in genetic PD. The defective mitophagy in idiopathic PD is inherent to the decrease in class III HDACs. Thus, there is an imbalance between total HATs and HDACs activities in idiopathic PD, which increases cell death. The inhibition of HATs in idiopathic PD cells displays a cytoprotective effect.
Introduction
Parkinson's disease (PD) is characterized by an idiopathic disorder with a multifactorial origin in which genetic susceptibility combined with environmental factors can trigger disease onset. The most prevalent gene mutation is G2019S LRRK2, which is present in 4% of familial PD and 1% of sporadic PD [1] . Environmental factors classified as pesticides (dieldrin, paraquat) [2] [3] [4] and neurotoxins (1-methyl-4-phenylpyridinium iodide [MPP + ]) [5] have been shown to inhibit mitochondrial function and lead to the induction of reactive oxygen species (ROS) and ultimately cell death.
Autophagy removes damaged organelles (e.g., mitochondria) to maintain cellular homeostasis. Altered mitochondria are cleared by mitophagy, a selective type of autophagy that is mediated by the PTEN-induced putative kinase 1 (PINK1)/Parkin pathway [6, 7] . Impairment of autophagy has been reported in PD models and might worsen the progression of PD pathogenesis [8] . Autophagy is a complex mechanism that is widely regulated through the mammalian target of rapamycin (mTOR) or AMP-activated protein kinase (AMPK) signaling [9] or acetylation [10] . The latter intervenes downstream of the mTOR pathway [10] . Rosa A. González-Polo and José M. Fuentes contributed equally to this work.
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Histone acetyltransferases (HATs) and histone deacetylases (HDACs) mediate the addition and the removal of acetyl group from lysine (K) residues of proteins, respectively. Their activity induces post-translational modifications of proteins, including histones that epigenetically regulate gene expression [11, 12] . Two classes of HATs exist: class A (p300/CREB-binding protein (CBP), GCN5-related N-acetyltransferase (GNAT), MYST families) and class B, which correspond to nuclear and cytosolic HATs, respectively [11] . Their antagonists, HDACs, are classified into four groups (supplementary Table 1 ). Class I, II, and IV HDACs are Zn 2+ -dependent [13] , while class III HDACs (SIRTs) are NAD + -dependent [12] . HDACs/HATs have been reported to be important at different stages of autophagy regulation [10, 14] , including the initiation and elongation of phagophore formation. The HDAC SIRT1 and the HAT p300 proteins control this mechanism through the regulation of acetylation of autophagy-related (ATG) proteins, including ATG5, ATG7, and ATG8/light-chain microtubule-associated protein (LC3) [15, 16] . However, not all ATG proteins are deacetylated for autophagy induction; ATG3 and ATG1/ unc-51-like kinase 1 (ULK1) are acetylated by tatinteractive protein 60 (TIP60) HAT [10, 14] . ATG are essential throughout the process of phagophore formation leading to the autophagosome [17] . Starvation leads to hypoacetylation of a variety of ATG [15] and cytosolic proteins [18] , which may occur due to decreased interactions with HAT proteins [16] .
Evidence has implicated epigenetic modifications in the progression of neurodegenerative diseases due to their ability to change gene expression and cellular phenotype [19, 20] . Modified histone acetylation levels have been shown in distinct PD models, although existing results are inconclusive. The translocation of α-synuclein into the nucleus [21] is associated with the hypoacetylation of histones and promotes apoptotic cell death [22] . Based on this hypoacetylation, class I and II HDACs inhibitors were found to be neuroprotective [22, 23] . However, in other PD models, protein acetylation was increased. In dopaminergic cells, while paraquat increased the acetylation of histone 3 (H3) but not histone 4 (H4) [20] , dieldrin enhanced both acetylated H3 and H4 [4] . Unexpectedly, paraquat inhibited HDAC activity [20] , whereas dieldrin augmented the level of CBP protein [4] . Thus, HATs/HDACs participate in the pathogenesis of PD by regulating cell survival and/or cell death in response to stimuli. Herein, under basal conditions, we characterized the acetylation protein levels in fibroblasts from idiopathic PD patients and familial G2019S LRRK2 mutation. We highlight the intricate role of HATs and HDACs in protein acetylation, mitophagy impairment, and cell death.
Materials and Methods

Cellular Models
Experiments were performed using three fibroblast groups: control (Co, subjects who did not develop PD), idiopathic PD (IPD, PD patients without G2019S LRRK2 mutation), and GS (PD patients with G2019S LRRK2 mutation). Each group is a pool of three to four cell lines (supplementary Table 2 ). This study was performed in agreement with the Comité Ético de Investigación Clínica del Área Sanitaria de Gipuzkoa. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Human fibroblasts (HFs) were maintained as previously described [24] . To determine G2019S LRRK2 mutation, DNA was extracted (Macherey-Nagel, 740952.50), the LRRK2 exon 41 amplified (DreamTaq Master Mix, ThermoFisher, K1071 with two oligonucleotides 630028776-77 from IDT®) and digested by the restriction enzyme BfmI/SfcI (ThermoFisher, ER1161) (Fig.  S1A) . We also used SH-SY5Y neuroblastoma cells that stably overexpress WT LRRK2 (WT) or G2019S LRRK2 (G20) [25] to highlight the differences between neurons and fibroblasts.
Cells were treated with anacardic acid (AA, A72336), carbonyl cyanide 3-chlorophenylhydrazone (CCCP, C2759), cyclosporin A (CsA, C3662), EX-527 (E7034), Earle's balanced salt solution (EBSS, for autophagy induction, E2888), nicotinamide (NAM, N0636), MPP + (D048), and trichostatin A 
Cell Viability
Cell viability was assessed via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, M2128) assay. Cells were treated and then incubated with MTT (0.45 mg/mL) [26] . The formazan precipitate was solubilized in isopropanol acid, and the absorbance was read at 570 nm using the microplate reader (TECAN Sunrise).
Western Blotting Analysis
For whole-cell extract, cells were lysed in buffer containing 0.5% NP-40 (Roche, 11754599001), 100 mM Tris-HCl (pH 7.4), 300 mM NaCl and complemented with protease and phosphatase inhibitors [27] , AA (10 μM), and HDAC inhibitor cocktail (Santa-Cruz, sc-362323 
Flow Cytometry Assay
Cells were preloaded with MitoTracker® Green FM (MTG, ThermoFisher, M7514) and washed with PBS before treatment [28] . 
Mitochondrial Membrane Potential and ROS Detection
Mitochondrial membrane potential (MMP) was evaluated by the green fluorescent probe DiOC 6 (3) (3,3′-dihexyloxacarbocyanine iodide) (Invitrogen, D273) that is retained in the inner membrane of healthy mitochondria. During cell death, mitochondria fail to retain the fluorochrome, and cells become DiOC 6 (3) deficient. MMP is reduced in defective mitochondria, and the level of ROS increases. We measured ROS levels by detecting the accumulation of superoxide with dihydroethidium (Invitrogen, D1168) or MitoSOX™ Red (Invitrogen, M36008) for specific mitochondrial ROS. In presence of superoxide, both dihydroethidium and MitoSOX™ are oxidized to ethidium and emit red fluorescence [29] . The percentages of DiOC 6 (3)-deficient and ethidiumpositive cells were determined by flow cytometer.
HAT Activity Colorimetric Assay
The total activity of HATs was detected using a HAT colorimetric kit (Biovision, No. K332-100) according to the manufacturer's instructions. An amount of 50 μg proteins from the whole-cell lysate was mixed with acetyl-CoA, the peptide substrate-tetrazolium dye, and the generating NADH enzyme. Samples were incubated at 37°C for 3 h. During the acetylation of peptide, CoA is released to produce NADH with the generating enzyme. The NADH-tetrazolium reduction is detected at 400 nm using the plate reader (Asys UVM 340). HAT activity is represented as the absorbance per microgram of protein. 
HDAC Activity Colorimetric Assay
The total activity of HDACs was evaluated using a HDAC colorimetric kit (Biovision, No. K331-100) according to the manufacturer's instructions. One hundred thirty micrograms of proteins from the whole-cell lysate were mixed with HDAC substrates during 1 h at 37°C. After that, a solution of lysine developer is added to the mixture during 30 min at 37°C to detect the quantity of deacetylated lysine. The absorbance of the developed chromophores in samples was read at 405 nm using the plate reader Asys. HDAC activity is represented as the absorbance per microgram of protein.
Immunofluorescence Microscopy
Cells were seeded on 96-well plate. After treatment, cells were fixed with 4% PFA and permeabilized (except for the determination of cytoplasm Ac-K proteins [30] ) with 0.1% Triton X-100 (Sigma-Aldrich, T9284). Once permeabilized, cells were incubated with bovine serum albumin (BSA)/PBS solution (1 mg/mL) for 1 h and then with Ac-K (AKL5C1) (Santa Cruz, sc-32268), TOM20 (F-10), and Ac-H4K16 (E2B8W) (Cell Signaling, No. 13534) antibodies overnight at 4°C. Thereafter, cells were reincubated with ThermoFisher Alexa Fluor® 568 (A11004) or 488 (A11008)-conjugated secondary antibodies for 1 h at RT. Nuclei were stained with Hoechst 33342 (2 μM, SigmaAldrich, B2261). Cells were loaded 45 min before the end of the treatment with 50 nM tetramethylrhodamine, methyl ester, perchlorate (TMRM, Molecular probes, T668) at 37°C to determine drug effects on MMP. Images were visualized using an Olympus IX51 inverted microscope equipped with a DP71 camera.
Mitochondrial Extraction
Mitochondria were isolated using a Mitochondria Isolation Kit (ThermoFisher, 89874); the option A of the manufacturer's instructions was selected. The required amounts of reagent A and reagent B were supplemented with protease inhibitor cocktail 10X (Sigma-Aldrich, P2714), 0.5 M 20% sodium orthovanadate (Sigma-Aldrich, S6508), and 0.1 M 1% sodium fluoride (Panreac, 131675). Isolated mitochondria were lysed in 2% CHAPS (Sigma-Aldrich, C3023). Cytosolic and mitochondrial extractions were analyzed by Western blotting (WB).
Plasmid Transfection
HFs were plated on uncoated coverslip and transiently transfected with LC3-GFP constructs (3 μg/100 μL) (gift of Dr. Tamotsu Yoshimori) using Lipofectamine™ 2000 transfection reagent (3 μL/100 μL) (Invitrogen, 11668027) [31] . Cells were fixed with PFA, and coverslips were mounted on the slides using ProLong® Diamond Antifade Mountant with DAPI (ThermoFisher, P36966). Images were visualized using a Carl Zeiss-LSM510 laser confocal microscopy. LC3 puncta were analyzed using Ifdotmeter® software [32] , and the colocalization data were assessed with the JACoP plugin of ImageJ [33] .
Quantitative RT-PCR RNA Interference:
Genetic inhibition of SIRT1 was performed by Hiperfect transfection reagent (Qiagen, Lot No. 148035183) and the human SIRT1 siRNA (Ambion, Cat AM16708, ID 19833) at 10 nM. We also used the negative control siRNA (Ambion, L/N 1602012) at the same concentration.
Statistical Analyses
Data represent the mean ± SD of at least three experiments. Statistical analyses were assessed by Student's t tests. The results were considered significant at p ˂ 0.05.
Results
Impaired Mitophagy Flux in Fibroblasts from PD Patients
To assess mitophagy in fibroblasts from PD patients, cells were transfected with GFP-LC3 plasmid and co-labeled with the outer mitochondrial membrane protein TOM20. We detected increased colocalization of TOM20 with GFP-LC3 puncta in both IPD and GS cells (Fig. 1a, b) . Consistent with that, the number of GFP-LC3 puncta was significantly increased in PD lines (Fig. 1c) . Our group previously demonstrated that autophagy is exacerbated and efficiently degradative in GS cells [35] . Measuring basal autophagic flux of IPD cells treated with EBSS or with the lysosomal blocker BAF. A1 displayed an augmentation of LC3-II (Fig. 1d, e) . The difference in LC3-II between Co and IPD cells was significant under basal and starvation conditions but not with BAF.A1 condition. To evaluate mitochondrial degradation, we treated cells with CCCP, a mitochondrial uncoupler that fosters mitophagy [36] , and/or the mitophagy inhibitor CsA [37] . Under basal conditions (Fig. 1f) , IPD cells exhibited a higher percentage of MTG fluorescence than Co cells, which is shown in Fig. 1g by a shift of the red histogram to the right, 's t-test) . kDa (kilodaltons). k Genetic inhibition of SIRT1 in HFs. SIRT1, SIRT3, and TOM20 were detected by immunoblotting, GAPDH is the loading control. l HFs were treated with EX-527 (1 μM) for 4 h and loaded with MTG (100 nM) to detect mitochondria, white arrows show mitochondrial fragmentation. MTG staining was observed by in vivo immunofluorescence. Original magnification, × 20; scale bar, 10 μm whereas GS presented a lower percent of MTG, which was characterized by a displacement of the green histogram to the left. Thus, mitochondrial content was significantly increased in IPD and reduced in GS cells (Fig. 1f) . CCCP promoted the shift of the purple histogram to the left for Co cells (Fig. 1h) , and decreased significantly the percentage of MTG fluorescence in IPD cells (Fig. 1f) . Mitochondrial content was remarkably increased with CsA in all fibroblasts (Fig. 1f) . These results suggest that, under basal conditions, mitophagy was reduced and increased in IPD and GS cells, respectively. Moreover, we observed a MMP decrease (Fig. 2a) , a ROS generation (Fig. 2) b, and a mitochondrial ROS production (Fig. 2c) in PD fibroblasts. Other mitochondrial markers were studied, including lon peptidase 1 (LONP1), a mitochondrial matrix protease that reduces PINK1 accumulation and dynamin-related protein 1 (DRP1). A reduction of LONP1 induces mitophagy by increasing PINK1 accumulation [6] . Our results showed that LONP1 protein was reduced in PD cells (Fig. 2d, e) , which indicated that the early stage of mitochondrial degradation signaling (at least the PINK1/Parkin pathway) was not perturbed (Fig. 2g) . Furthermore, DRP1, which induces mitochondrial fission processes [38] , was upregulated in both PD-associated fibroblasts (Fig. 2d, f ) and mitochondria were also fragmented (Fig. 2h) . Mitophagy induction is promoted in both PD cells; however, it seems to be reduced in IPD cells at basal level.
Autophagy Modulation by Sirtuins
SIRTs play a critical role in mitochondrial function and cell survival in neurodegenerative disorders [39] . We considered the possibility that variations in SIRT expression may cause impaired mitophagy in PD cells. Interestingly, mRNA expression levels of SIRTs (Fig. 2i, l, m) , except SIRT2 (Fig. S1B) , were significantly decreased in IPD cells. SIRT5 (Fig. 2m) and SIRT6 (Fig. S1F ) behaved equally in PD fibroblasts. Our result revealed an increase in the phosphorylation of SIRT1 in GS cells (Fig. 2j, k) . In addition, SIRT3 protein level decreased in PD fibroblasts (Fig. 2o, q) . In contrast to GS cells, IPD cells exhibited augmented SIRT5 (Fig. 2n, p) and TOM20 (Fig. 3a) protein levels. SIRT3 is exclusively a mitochondrial protein and SIRT5 is both cytosolic and mitochondrial protein [40] . If mitophagy is activated in GS cells [41] , dopaminergic neurons expressing G2019S LRRK2 mutation (G20 cells) must display a reduction of mitochondrial markers. Consistent with our hypothesis, SIRT3 and SIRT5 as well as TOM20 and COX IV proteins were decreased in G20 cells (Fig. 3b) . However, CsA treatment increases SIRT3 and SIRT5 protein levels in PD cells (Fig. 3c) . Accordingly, SIRT1 and SIRT2 (Fig. S1C-E) , which are both nuclear and cytosolic proteins, and nuclear SIRT6 (Fig. S1G, H) were not reduced in GS cells. To further study the role of SIRTs in autophagy in GS cells, we treated cells with NAM, a nonspecific inhibitor of SIRTs. This experiment revealed that SIRTs inhibition (Fig. 3d-f ) decreased ATG5 protein and LC3-II levels in GS cells towards the Co protein levels. The same result was observed (Fig. 3g-i) for both ATG5 and LC3-II protein levels with EX-527 treatment, a SIRT1-specific inhibitor. Additionally, EX-527 (Fig. 3j) or the genetic inhibition of SIRT1 (Fig. 3k) increased the TOM20 protein level in GS cells. In Fig. 3l , we can observe that SIRT1 inhibition induces mitochondrial fragmentation. Together, SIRT expression is generally reduced in IPD models, and SIRT1 is involved in mitophagy/autophagy regulation in GS cells.
Acetylated Protein Levels in Cellular Models of PD
Given that SIRT expression varies among PD models, the level of Ac-K proteins was evaluated. Figure 4a shows that there were two populations of Ac-K proteins in PD models. In HFs, proteins in the range of 15-25 kDa were less acetylated; however, higher molecular weight (37-250 kDa) proteins were more acetylated. Moreover, the level of Ac-K proteins in the range of 100-250 kDa was increased in GS cells, whereas it was reduced in IPD Fig. 4 Acetylated lysine protein levels in cellular models of PD. Acetylated proteins. a WB analyses show the difference in acetylated proteins between HFs (Co, IPD, and GS) and neuroblastoma SH-SY5Y (WT and G20) using antibodies against acetylated lysine (Ac-K) and GAPDH as a loading control. The upper blot is less exposed and the lower blot is highly exposed. WT (SH-SY5Y WT LRRK2), G20 (SH-SY5Y G2019S LRRK2). b, c Immunofluorescence intensity of labeled cytoplasmic Ac-K proteins (red) in HFs, Original magnification, × 40; scale bar corresponds to 10 μm. c Represents the quantification of the fluorescence intensity (n = 200 cells/condition). Data are the mean ± SD of three independent experiments, **p < 0.01 in comparison to Co, (Student's t test). d-f Cells were incubated with fresh medium or EBSS for 4 h. d LC3 lipidation is determined by WB, and its densitometry is the ratio of LC3-II/I. GAPDH is the loading control. e Immunofluorescence intensity of endogenous Ac-K proteins (red) in SH-SY5Y. Original magnification, × 20; scale bar, 10 μm. f Represents the quantification of fluorescence intensity of labeled Ac-K proteins (n = 15 images/ condition). Data represent the mean ± SD of at least three independent experiments, *p ˂ 0.05, **p < 0.01 versus WT or untreated conditions, (Student's t test). WT (SH-SY5Y WT LRRK2), G20 (SH-SY5Y G2019S LRRK2). MW (molecular weight), kDa (kilodaltons). Histone acetyltransferase activity and expression levels. g-k HAT proteins, such as TIP60 (g, h) and PCAF (j, k), were detected by WB. Their densitometry was referenced to GAPDH. The results correspond to the mean ± SD of three independent experiments, *p ˂ 0.05, **p ˂ 0.01 versus Co (Student's t test). i Assessment of HATs activity by colorimetry. The results are in absorbance per microgram of proteins (λ = 400 nm) and represent the mean ± SD of three independent experiments. WT (SH-SY5Y WT LRRK2), G20 (SH-SY5Y G2019S LRRK2). l-o Detection of acetylated histone 4 on lysine 5, 8, 12, and phosphorylated on serine 1(Ac-H4 or Ac-H4Ser1K5K8K12) (l, m) and acetylated tubulin on lysine 40 (Ac-Tubk40) (n, o) by immunoblotting and normalized to total histone 3 (H3) and α-tubulin, respectively. Data are the mean ± SD of at least three independent experiments, *p ˂ 0.05, ***p ˂ 0.001 compared to Co (Student's t test). kDa (kilodaltons), *un (unspecific band of cells. Similar to that observed in GS cells, proteins were not hypoacetylated in G20 cells despite the minimal load of total proteins. Next, we revealed the intensity of acetylated cytosolic and nuclear proteins. In Fig. 4b, c and Fig. S2A , B, G, GS cells clearly exhibited a higher intensity of Ac-K proteins than Co and IPD cells. Thus, SIRTs did not affect the level of Ac-K proteins in GS cells. Although autophagy was activated [35] in cells harboring the G2019S LRRK2 mutation, Ac-K protein levels were decreased during starvation-induced autophagy (Fig. 4d-f) . Thereafter, we investigated the expression of four HATs in Ac-K protein differences observed between PD models. Surprisingly, none of them were enhanced in GS (Fig. S2 ) and G20 cells (data not shown). p300 (Fig. S2C ) did not vary [42] , and PCAF (Fig. S2D) was remarkably reduced in GS cells. hMOF (Fig. S2E) and TIP60 (Fig.  S2F) were significantly decreased in PD models. In GS cells, the important diminution of TIP60 and PCAF mRNA expression did not alter their protein levels (Fig.  4g, h, j, k, respectively) . In contrast, TIP60 protein was significantly reduced in IPD cells (Fig. 4g, h ). We were unable to detect p300 and hMOF proteins by WB because the purchased antibodies failed. Therefore, we assessed HAT activity. Although PD models exhibited increased HAT activity (Fig. 4i) , it was not remarkable, possibly because we did not distinguish between nuclear HATs and cytoplasmic HATs. We next sought to examine substrates of HATs, such as H4 and H3. The antibody used recognizes H4 acetylated at K5, K8, or K12. If all lysine residues were acetylated, Ac-H4K5K8K12 would acquire a molecular weight of 35 kDa. We found a band of 11 kDa, indicating that H4 was acetylated at 1 K, and its level was strikingly reduced in IPD cells (Fig. 4l, m) . p300 activity is required for Ac-H4K5K8K12, and PCAF activity is required for Ac-H4K8 [43] . At least one of those residues was acetylated in Co and GS cells compared with IPD cells, and we therefore inferred that PCAF or p300 was activated in GS cells. Interestingly, while nuclear proteins were less acetylated in IPD cells, cytoplasmic protein (α-tubulin) was significantly acetylated at K40 (Fig. 4n, o) .
Decreased HDAC Activity in PD
To gain further insight into the differences in acetylation levels between PD models, we assessed HDAC activity by colorimetric essay and HDAC expression. The mRNA expression levels of HDACs (Fig. S3) did not significantly differ between lines except HDAC1 and HDAC4 in GS cells. When we evaluated the protein expression, an increasing level of class I HDAC proteins (HDAC2 and HDAC3) was observed in IPD cells (Fig. 5a-d) , whereas only HDAC2 was enhanced in GS cells. Class II HDACs were conversely modulated in PD cells. While class IIa (HDAC4) was significantly increased (Fig. 5e, f) in PD models, class IIb (HDAC6) was downregulated (Fig. 5h, i) . These experiments suggest that there are relevant expression levels of class I and IIa HDACs in fibroblasts of PD patients. Therefore, we deduced that HDAC3 protein might underlie the difference between PD cells, as HDAC1 did not fluctuate (Fig. 5e, g ). Furthermore, HDAC3 is a nuclear and cytosolic protein but it is more localized in the nucleus [44] . Despite the upregulation of HDAC proteins in IPD cells, HDAC activity (HADCs/ SIRTs) (Fig. 5j) was remarkably diminished, and this reduction was not significant in GS and G20 cells.
Cytotoxic Effect of HDAC Inhibitors
Given that the attenuation of HDAC activity did not correspond to the reduced level of Ac-K proteins in IPD cells, we examined the effect of HDACs and SIRTs in parallel. Cells were treated with non-selective inhibitors of class I and II HDACs (TSA) [45] or class III HDACs (NAM) [46] ). HFs were more susceptible to NAM than TSA during a doseresponse treatment (Fig. S4A, B) . Consequently, we used lower concentrations of TSA (1 μM) and NAM (1 mM) that could inhibit HDAC activity. TSA potentiated the intensity of Ac-H3K14, which generally masked the modest effect of both NAM-treated and untreated cells. Nevertheless, we observed that NAM did not enhance Ac-H3K14 in IPD cells (Fig. S4C,  D) . In addition, the intensity of Ac-H4K16 was increased with TSA compared with NAM or untreated cells (Fig. 5k) . More class I and II HDAC activity appeared to be present in cell lines, or the used concentration of NAM was not sufficiently potent for SIRT inhibition. To verify this hypothesis, we investigated the effect of HDAC inhibitors on PD-related cell death. We observed that the percentage of apoptotic cells dramatically increased in PD cells compared with Co cells. In addition, TSA or NAM treatment elicited cell death in healthy controls and did not exert a protective effect in PD models (Fig. 5l) . In fact, compared with CCCP [36] , HDAC inhibitors HDAC2 (a, b), HDAC3 (c, d) , HDAC4 (e, f), HDAC1 (e, g), HDAC6 (h, i) and their densitometry normalized to the loading control, GAPDH. Data represent the relative mean ± SD of at least three independent experiments, **p < 0.01 and ***p < 0.001 respect to Co (Student's t test). kDa (kilodaltons). j Results show the colorimetric HDAC activity in absorbance per microgram of proteins (λ = 405 nm). Data are the mean ± SD of three independent experiments, ***p < 0.001 versus Co (Student's t test). WT (SH-SY5Y WT LRRK2), G20 (SH-SY5Y G2019S LRRK2). Effects of histone deacetylase inhibitors, TSA and NAM. k HFs were treated with TSA (1 μM) and NAM (1 mM) for 4 h. Histone 4 acetylated on lysine 16 (Ac-H4K16) (green) was detected by immunofluorescence, and the nuclei were stained with Hoechst 33342 (blue) decreased the MMP (Fig. 5m, n) . Taken together, the concentration of NAM was effective, and cells were susceptible to SIRT inhibition (Fig. 5l) , even though there was less SIRT activity than HDAC activity in cell lines.
Protective Effect of HAT Inhibitor
Histones were hyperacetylated in IPD cells when class I and II HDACs were inhibited. We questioned whether HATs were involved in the acetylation of nuclear proteins. Consequently, cells were treated with AA, a potent inhibitor of HATs, including PCAF, p300 [47] and TIP60 [4] . We decided to detect the level of Ac-H3K14, a common substrate of PCAF [48] and p300 [43] . We observed that there was less Ac-H3K14 in IPD cells than in Co and GS cells (Fig. 6a, b) . This level was reduced in all cell lines treated with AA but it was not significantly different between treated and untreated GS cells. Our results suggest that HAT proteins are activated in PD models, and the level of Ac-H3K14 becomes significant, between Co and GS cells, with AA. Moreover, the inhibition of HATs had a protective effect on IPD cells and not on GS cells (Fig. 6c) . To further elucidate this positive response, we reproduced an oxidative stress condition by treating WT cells with MPP + and/or AA overnight. With AA treatment alone, the same results were observed in neurons (Fig. 6d ) and fibroblasts Co (Fig. 6c) . Additionally, AA reduced MPP + -induced cell death (Fig. 6d) .
Discussion
Autophagy impairment and protein acetylation status are associated with PD pathogenesis. Furthermore, autophagy is regulated by HDAC/HAT enzymes, which remove and replace the acetyl group on lysine of proteins, respectively. Autophagy is degradative in GS fibroblasts through the ERK1/2 signaling pathway [35] . In this study, we found that IPD fibroblasts displayed a decreased basal autophagy/ mitophagy (Fig. 1d, f) . As SIRT1 was reported to deacetylate ATG proteins [15] , and SIRT1 was phosphorylated in GS cells (Fig. 2j) , the implication of class III HDACs becomes obvious regarding this difference in mitophagy flux between IPD and GS cells. SIRT1 phosphorylation promotes its translocation into the nucleus, where LC3 is deacetylated prior to the initiation of autophagosome formation [49] . The inhibition of SIRT1 prevented LC3 lipidation and increased TOM20 in GS cells (Fig. 3) . If SIRT1 is activated in our model, it may be due either to the level of ROS production (Fig. 2b, c) or activation of the ERK1/2 pathway [35] . The MAPK pathway is activated in response to cellular stress and modulates SIRT1 function. JNK1 enhances SIRT1 activity by phosphorylation of serine 47 [50] , and SIRT1 activates the ERK1/2 pathway [51] . The study of Zhao et al. supports the idea that ERK1/2 activates SIRT1 and that SIRT1 can activate ERK1/2 [52] . We did not demonstrate a direct interaction between ERK1/2 and SIRT1 in GS cells. However, while the inhibition of ERK1/2 reduced cell death in GS cells [35] , the inhibition of SIRT1 (Fig. S4E) was not protective, and these data are consistent with Zhao's previous report [52] . We believe that GS cells attempt to resist stress-induced apoptosis due to SIRT1 activation, and the difference in SIRT1 activity between IPD and GS may explain the differences in apoptotic cell death levels between these two cell lines. If oxidative stress regulates SIRT1 activity, then the process that is responsible for SIRT1 phosphorylation in GS cells, and not in IPD cells, is unclear.
ROS production is inherent to the accumulation of damaged mitochondria. Regardless of whether basal mitophagy is increased in PD models, DRP1 upregulation is accompanied by apoptotic cell death concomitant to ROS production and mitochondrial membrane depolarization. Indeed, DRP1-deficient cells are resistant to CCCP-induced mitochondrial membrane depolarization [38] . PD fibroblasts were susceptible to EBSS and CCCP (Fig. 1) , suggesting that IPD cells have the ability to eliminate the material to be degraded. Thereby, mitophagy impairment in IPD cells needs to be induced. On the other hand, mitochondrial SIRTs, SIRT3 and SIRT5, are critical for the reduction of ROS due to mitochondrial dysfunction. Both proteins regulate the expression of antioxidant enzymes [53] [54] [55] . In H 2 O 2 -treated cells, SIRT3 protein was upregulated and promoted mitochondrial biogenesis [53] . SIRT3 knockdown enhanced rotenone-induced cell death and oxidative stress [55] . SIRT5 protein is upregulated by MPTP stimulation, but its inhibition accelerates the loss of MPTP-treated dopaminergic neurons in mice [54] . Curiously, SIRT5 is accumulated in IPD cells, and we questioned whether its accumulation is an adaptive response to chronic stress or due to mitophagy impairment. In contrast to IPD cells, GS and G20 cells exhibit degradation of SIRT3 and SIRT5 by effective mitophagy. Despite the reduction of both proteins, mitophagy seem to be beneficial for reducing ROS production in GS cells compared with IPD cells (Fig. 2b, c) . As mitochondria are the main source of ROS generation, the lack of SIRT3 protein might be detrimental to the degradation of Fig. 6 Effect of anacardic acid on PD models. a, b HFs were treated with 10 μM anacardic acid (AA) for 1 h. Histone 3 acetylated on lysine 14 (Ac-H3K14) was detected by immunoblotting, and it was normalized to total histone 3. Data are the mean ± SD at least of three independent experiments *p ˂ 0.05 versus Co or untreated conditions or between treated cells, (Student's t test). c HFs were treated for 15 h with 10 μM AA. d WT (SH-SY5Y WT LRRK2) were pretreated for 1 h with AA (10 μM) and, afterwards, incubated with MPP + (500 μM) for 15 h. Next, both lines were stained with propidium iodide (PI), and the percentage of PI-positive (PI + ) cells was evaluated by flow cytometry (n = 10.000 events). Data are the mean percentage ± SD of three independent experiments, *p ˂ 0.05 compared to Co or untreated cells or between treated cells, (Student's t test). Relevant differences between PD models. e The schema highlights the differences that occur between idiopathic and genetic PD patients. In idiopathic PD patients, mitophagy downregulation heightens ROS generation and cell death through the inhibition of SIRT activity. Although ROS is increased in genetic PD patients, its consequences are reduced due to enhanced mitochondrial turnover related to SIRT1 increase defective mitochondria in IPD cells. Of note, SIRT3 mRNA expression fluctuates during oxidative stress induction; it reaches a peak during the initial exposure and decreases thereafter [53] . In this regard, we speculate that the reduction in SIRT3 expression could be caused by chronic ROS levels in IPD. This is the first time that a group of Ac-K proteins is assessed in cells from PD patients (Fig. 4a) . Starvationinduced autophagy decreases the levels of cytosolic Ac-K proteins (Fig. 4d-f ) by reducing acetyl-CoA levels [18] . In GS fibroblasts, the increasing level of Ac-K proteins did not prevent autophagy induction. How acetylated proteins are regulated during autophagy is unclear, as two autophagy inducers, rapamycin [30] and EBSS, distinctly affect Ac-K protein levels. We surmise that the most important factor is not the acetylation level of cytoplasm proteins, rather those of ATG proteins is indispensable. GS cells exhibited more Ac-K proteins than IPD cells [56] , though their HAT activity was not significantly different (Fig. 4i) , consistent with previous observations [57] . In neurodegenerative diseases, hypoacetylation is attributed to degradation of HAT proteins [42, 57] . In our study, PCAF was significantly upregulated and could be related to the intense acetylation of some proteins observed in IPD cells. How histones are hypoacetylated in IPD cells remains unclear. Studies in vivo and in vitro on oxidative stress models of PD have demonstrated that acetylation levels are reduced with MPP + /MPTP and paraquat because of the increase in HDAC activity [58, 59] . In IPD cells, total HDAC activity was notably reduced, which was not correlated with the acetylation status of proteins. Consequently, supplemental inhibition with HDAC inhibitors was harmful. We conclude that there is an imbalance between total HAT and HDAC activities in IPD cells, which confers a cytoprotective effect to HAT inhibitor. Given that class I and IIa HDACs are upregulated in IPD cells, the reduction in total HDAC activity can be attributed to lower activity of class III HDACs. SIRTs are NAD + -dependent, and defective mitochondria affect the NAD + /NADH ratio [60] . Indeed, the mitochondrial complex I, which oxidizes NADH to NAD + is inhibited in IPD [61] . Therefore, SIRT activity is abrogated in IPD cells and leads to a compensatory increase in class I and II HDACs (Fig. 6e) that are responsible for the hypoacetylation of proteins [56] . It would be interesting to explore whether specific inhibitors of class I HDACs [58] are beneficial in IPD cells.
Finally, our proposed mechanism is that damaged mitochondria reduce SIRT activity, which further affects mitophagy regulation. This damage results in an imbalance between HAT and HDAC activities in IPD. Therefore, idiopathic and genetic PD exhibit distinct epigenetic modifications that influence their gene expression and determine their phenotype due to the increase of class I and II HDACs. The inhibition of HATs or the activation of SIRTs may be excellent PD therapies. In the future prescribing specific treatments for PD patients would be of interest because the molecular regulation of each pathogenesis is unique. It is not well understood how the imbalance in HAT and HDAC activities is modulated, and future post-mortem studies of both idiopathic and genetic PD should be performed to elucidate these mechanisms.
